As AN ADJUNCT to the psychiatric treatment of suicidal and recurrent depression the operation of bifrontal stereotactic tractotomy now offers relief to a high percentage of cases who have failed to respond to conservative measures including drugs and electro-convulsive therapy given over a period of years, and produces this effect without attendant risk of epilepsy, mortality or harmful personality change.
The surgical treatment of mental illness may be regarded as the surgery of the emotions. Since primitive emotions are damaging emotions in psychiatry it might well be concluded that the isolation of primitive cortical areas would be significant in contributing to the results achieved. Monitz (1936) had shown that the injection of alcohol into the frontal lobes of seriously disturbed schizophrenic patients could produce occasional improvement, the improvement being in the emotional sphere, resulting from a diminution in the intensity of emotional reaction to delusions or hallucinations, and since emotion is dominant over intellect, an improvement in intellectual capacity from diminished emotional distraction. Had this initial observation been followed by adequate physiological and anatomical studies to establish the basic mechanism underlying this emotional change before attempts were made to elaborate surgical treatment, the progress of surgery in this field might have followed a smoother course, but, unfortunately, despite the fact that the anatomical pathways which constituted the objective of surgical treatment had not yet been fully established, the operation of pre-frontal leucotomy was devised which transected the central area of the white matter in both frontal lobes, sacrificing areas of considerable importance in intellectual function in order to divide the unknown pathways subserving emotion contained within them. Numerous inaccuracies complicated this blind procedure; in some, apparent movement of a blunt instrument in the brain merely distorted tissue without cutting so that certain patients had little or no operation performed. In others, serious blemish to intellect and personality resulted. A high incidence of epilepsy, the occasional occurrence of organic physical damage, such as hemiplegia, together with a diminution in capacity for the enjoyment of either work or leisure (Strom-Olsen & Tow, 1949) which resulted from division of all fibres concerned in emotional appreciation, left an impression which was not readily forgotten. Not only has leucotomy been generally abandoned, but in many clinics even more modern methods are regarded with mistrust as being too dangerous to employ.
In 1948, at the foundation of the Health Service, the period of over-enthusiastic employment of leucotomy performed in mental hospitals was ending. Many psychiatrists were abandoning all forms of surgical treatment. In other regions neurosurgical units continued to employ more accurate operations on limited cortical areas performed by a variety of techniques according to the individual preference of the operator, which produced results superior to leucotomy, but throughout the 20-year period there has been a progressive decline in most areas in the number of patients operated upon.
The early success of drug treatment led some to believe that within a few years all other methods would become obsolescent and surgery would no longer be required. Drug therapy has been successful, yet numerous patients remain incapacitated with chronic and intractable illness despite the use of all conservative measures. Depression, which constitutes nearly 50 % of psychiatric practice, contributes a large quota to these intractable cases, recurrent depression being a particularly difficult problem for the psychiatrist, carrying as it does a considerable suicidal risk. Herbert & Jacobson's (1966) review shows that not only has the number of geriatric admissions to mental hospitals more than doubled over a 10-year period, but of the patients so admitted 52% were suffering from depression. Depression is therefore the principle cause of mental hospital admissions in the elderly. When drugs and electro-convulsive therapy fail in the management of such cases, attention must turn once again to the prospects presented by surgery.
Stereotactic surgery now provides a means of producing accurate lesions of small size at selected points in the nervous system where concentrations of nerve cells or fibre pathways possessing a specific function permit some small area of anatomical destruction to produce widespread physiological effects. The accuracy of approach, with minimal disturbance of tissue, ensures that beneficial effects of stereotactic operation are produced in isolation without associated dysfunction of the nervous system. I have shown that this principle can now be applied in relation to the control of emotion (Knight, 1969) . Owing to the influence of emotion in depression and psychoneurotic states it is possible to influence many syndromes satisfactorily by operation at a site where connections of primitive cortical areas concerned with instinctive and emotional activity converge beneath the corpus striatum. Stereotactic tractotomy differs from leucotomy in every possible respect in accuracy, location and clinical effect. Operation under X-ray control ensures complete accuracy and eliminates the errors resulting from deviation of blind incisions. Anatomical lesions are formed in an area which cannot be reached by leucotomy. Clinically no harmful effects have been observed.
I was led to this development in 1959 (Knight, 1960) as the results of observations in a large series of patients treated by the operation of restricted orbital undercutting which I devised in 1950 (Knight & Tredgold, 1955) . This operation produced excellent results in depressions and in the period from 1950 onwards when the general usage of leucotomy was declining, 620 patients were treated by this method in my Unit. It was originally designed to interrupt fibres ascending to the posterior orbital cortex, for experimental evidence has shown that ablation of this area in higher animals would produce tranquillity and loss of fear (Livingston et al., 1948 b) . It was, however, eventually to lead me into other channels of thought. It consisted of the formation of an incision 2 cm wide in each frontal lobe extending backwards from the frontal pole for 6 cm at the height of 1 cm above the orbital cortex (see Fig. 2 ). The posterior 2 cm of the incision overlay Area 13 and also part of Area 14, which lies internal to this area (see Fig. 1 ). Observations indicated that the maximum effect was produced from the terminal 2 cm of this narrow incision.
In ten cases of depression where a 5-cm lesion had been employed without benefit, I re-operated, extending the lesion for 6 cm and obtained improvement. The formation of the posterior part of the incision behind the plane of leucotomy scars encountered up to 4 cm from the frontal pole produced numerous successes, even in patients who had had two or three previous failed leucotomies. It seemed that there must be a concentration of fibres in relation to the terminal 2 cm of the incision where it entered the substantia innominata (see Fig. 2 ), the unnamed space beneath the head of the caudate nucleus, division of which might possibly produce an adequate relief of symptoms without the necessity of disturbing other areas of the brain, and one wondered whether this might prove to be the target for a stereotactic operation. Yet, little was known of the function of this area in relation to emotional activity. It was certainly far removed from pathways concerned with emotional tone and emotional appreciation. Papez (1937) had regarded the hippocampus, hypothalamus and cingulate gyri as a probable anatomical substratum of the emotions. Close integration between these areas was provided by the anatomical circuit via the hippocampus, fornix, mamillary body and mamillo-thalamic tract to the anterior nucleus of the thalamus from which projections pass through the dorsal part of the internal capsule to the anterior cingulate region of Area 24 and the posterior cingulate region of Area 23 (see Fig. 3 ). It was thought that return pathways from Areas 24 and 23 passed posteriorly to the cingulum and retro-splenial regions, and thence to the hippocampus, and if this were so this circuit which maintains a constant cycle of functional relationship between primitive cortical areas would not be interrupted by operation in the region of the substantia. Le Gros Clark (1948) The thalamo-frontal pathway from the dorso-medial nucleus of thalamus (M2) to cortex of frontal lobe passes above the level of the substantia innominata (Sub.). Connections from anterior cingulate region Area 24 to substantia and from amygdaloid nucleus (Amy.) to this area are also indicated. important in emotional appreciation are relayed from the dorso-medial nucleus of the thalamus to the neocortical agranular areas of the frontal lobe through the thalamo-frontal radiation which passes through the anterior limb of the internal capsule well above the level of the substantia innominata (see Fig. 3 ). I eventually found that the functional significance of the substantia lay in the fact that connections from primitive areas of cortex which are concerned in emotional reaction, some of which were assumed to pass by other routes, in fact passed beneath the caudate nucleus and traversed the substantia in order to gain access to the third ventricular region where emotional responses are produced. The older portions of the neopallium are located in the transitional cortex of the anterior cingulate and posterior orbital gyri and in the medial and inferior parts of the temporal lobe. Stimulation and ablation experiments had shown the fundamental importance of these areas in relation to autonomic activity and emotional reaction. Smith (1945) and Livingston et al. (1948a) had obtained respiratory and vascular responses from a continuous zone of cortex extending from the anterior cingulate gyrus to the posterior orbital surface. In monkeys, stimulation of the anterior cingulate region of Area 24 produced autonomic responses such as are seen in association with emotion, including dilatation of the pupils, erection of the hair, change of blood pressure, pulse and respiration, and even vocalization. Stimulation of the posterior orbital cortex also produced autonomic responses. Bailey & Sweet (1940) and Delgardo & Livingston (1948) observed changes in respiration, blood pressure and gastric motility, and similar effects had been obtained in the human by preleucotomy stimulation by Livingston et al. (1948a) . It was perhaps significant that these changes can be the accompaniment of intense emotion. Ablation experiments confirmed the influence of primitive agranular areas on emotional reaction. Excision of the anterior cingulate gyrus in monkeys produced alteration in the emotional reaction to environment, with loss of fear of humans, diminished aggression, increased tameness and lack of appreciation of danger (Ward, 1948) . Whitty (1955) remarked that these behavioural changes seemed to be linked with the anterior portion of the cingulate gyrus because when similar extirpations were performed in the posterior cingulate gyrus they were not observed. He also drew attention to the similarity between certain of the behavioural changes and those produced by Bucy's (1941) temporal lobectomy preparations suggesting that as far as function is concerned anterior cingulate and anterior temporal regions may be two parts of one mechanism. Excision of the orbital gyri in higher animals also produced quiescence and increased tameness (Livingston et al., 1948a) . Evidence, therefore, indicated that those areas of the forebrain subserving autonomic function also formed the background of emotional reaction and affective behaviour. These observations suggested that a maximum influence would be exerted in psychoneurotic patients by an operation which interrupted the connections from these areas, but although individual areas could be isolated by operations such as cingulectomy (Lewin, 1961) or undercutting, the wide distribution of the agranular cortex on the medial aspect of the hemisphere in the cingulate region, on the under-aspect of the frontal lobe in the primitive cortex of Walker's (1940) Area 13 and 14, and in the temporal lobe in the amygdaloid nucleus had made it impossible to secure a combined effect by surface lesions. Fibres from each of these areas may, however, be divided within the substantia at a point of concentration beneath the caudate nucleus and putamen. Glees et al. (1950) had shown, contrary to previous belief, that fibres from the anterior cingulate cortex of Area 24, that part from which autonomic responses can be obtained, instead of passing backwards to the retro-splenial regions could be traced into the posterior part of the orbital cortex, passing through the septal cortex into the posterior portion of Area 14 which lies beneath the substantia, and since stimulation of these fibres will produce autonomic responses they must possess further hypothalamic connections passing through the substantia which may be divided in this zone.
Le Gros Clark & Myer (1951) had demonstrated projections from the posterior orbital cortex to the ventro-medial hypothalamic nuclei bilaterally and these also pass beneath the putamen and caudate nucleus and traverse the substantia before they gain access to the third ventricular region. A projection from the amygdaloid nucleus and pyriform lobe (Nauta, 1961) sweeps up and passes into the posterior portion of the substantia before turning back and running caudally towards the hypothalamus to reach the dorso-medial nucleus of the thalamus whence it is distributed to the frontal cortex. An important return pathway from the hypothalamus to the amygdala has also been confirmed (Powell, Cowan & Raisman, 1963) . Lesions within the substantia therefore interrupt fibres from the anterior cingulate region and will undercut and isolate the posterior orbital cortex of Area 13 and parts of Area 14, and will divide a projection toand-from the amygdaloid nucleus, and a localized lesion at this point would be expected to exert an influence on the emotional activities subserved by these areas. A lesion at this site will selectively divide fibres concerned in emotional reaction whilst leaving the hippocampus-fornix system and most of the thalamo-frontal pathways undisturbed for the preservation of normal emotional tone and emotional appreciation.
By 1960, therefore, it seemed appropriate to utilize this region for a stereotactic operation (Knight, 1964) . Although restricted undercutting was being employed with benefit it had its risks.
There was an epileptic risk of 10%, of whom half had recurrent post-traumatic epilepsy. There was a 5% risk of personality blemish and a mortality of less than 1 %, particularly in hypertensive subjects (Sykes & Tredgold, 1964) . To avoid these defects resulting from cutting in the brain it was decided to form equivalent bilateral lesions by the insertion of radioactive seeds under X-ray control into areas corresponding to the last 2 cm of the undercutting incisions. The technique of this operation was developed in association with the Department of Radiology and Department of Physics at the Royal Postgraduate Medical School. It was necessary to produce a lesion having length and breadth, but little depth, in order to avoid damage to the striatum. I had shown (Knight, 1943) that posterior leucotomy incisions which entered the posterior orbital areas produce harmful autonomic disturbances, which Meyer & McLardy (1948) concluded were related to bilateral damage in the region of the striatum (see Fig. 2 ). To produce a lesion which would not affect the striatum I was advised to use seeds of radioactive yttrium (90Y) which would only yield a necrotic dose of 5-emanation up to 2 mm from the seeds' surface. Since the radioactive life of yttrium is 96 hr the necrotizing effect is produced in the early stages after operation and the seeds subsequently become inert.
Wire markers inserted into the incision at undercutting operation revealed the relationship of the target area to skull markings: posteriorly it lay 1 cm above the base of the anterior clinoid process and in the anterior-posterior view it was in relation to the inner third of the sphenoid ridge extending to within 1 cm of the middle line. Using these points as a guide four rows of yttrium seeds were implanted within the target area. The skull markings indicated the site of the posterior and inner angle of the plane to be irradiated and correspond to the posterior tip of the posterior and innermost seed. With the stereotactic device in situ this point was marked on the X-rays and the aiming tube of the stereotactic apparatus was corrected first in the lateral plane and then in the transverse plane until it was directed accurately at this point. The implanting needle was FIG. 5 . The second stage of the stereotactic operation. A group of six seeds has been implanted on the left; the stereotactic device has been inserted on the right; the distance between the two knobs on the aiming needle corresponds to the distance from the lowest knob to the centre of rotation of the instrument. The target point has been marked on the X-ray and a line projected from this point through the centre of rotation to cross the perforated scale indicates the correct aiming point for the target in this plane.
then inserted, the depth of implantation being controlled by the millimetre screw adjustment to allow for the length of the extruded seed. The first seed was inserted so that its posterior end reached to the target point, the needle was withdrawn 1 cm to allow for the implantation of an anterior seed, and then by a series of adjustments the lateral rows were inserted and the process was then repeated on the opposite side.
The technique of this procedure has been fully described elsewhere (Knight, 1965 and sometimes for several months and which has to be overcome during rehabilitation. In elderly patients there is sometimes a complaint that memory is a little less reliable than it was, but the overall impression is th3t any defect which exists is very slight and does not constitute a handicap or blemish to the patient. There is certainly a total absence of the so-called leucotomy syndrome. In general the post-operative personality is bright (see Fig. 6b ) particularly in depressive syndromes with the release of normal emotion previously suppressed; manic reactions and hyperactivity have not been observed. Patients retain or regain their capacity for enjoyment of work and leisure, and those improved by operation resume a normal occupation appropriate to their age and physical condition.
Symptoms may be relieved immediately after operation or a slow, gradual improvement may continue progressively over a period of months. The operation must always be supported by psychiatric rehabilitation to overcome phases of overrelaxation or temporary personality change, to re-establish the patient's confidence to accept responsibility, and to integrate him again into an active environment. It is useless to expect to obtain uniform results by operation alone. In general we have found that during the phase of rehabilitation it is advisable to limit drug therapy to a minimum. Certain patients who have undergone prolonged treatment develop addiction to the drugs which they have been receiving and it has been found that operation not only relieves the patients' symptoms but also their dependency on drugs. Partial relapse to a lower grade may occur as a temporary setback during rehabilitation, to be followed by stabilization at a satisfactory level. Permanent relapse has occurred chiefly in patients of poor personality. In a few cases relapse has been due to defective psychiatric support and the absence of any attempt at adequate rehabilitation. In those who do well operation reduces the intensity of emotional reaction to a degree which is either adequate to relieve symptoms entirely, or to render patients accessible to psychiatric treatment which was ineffectual before. They are still capable of feeling normal fear, grief and tension, but no longer react excessively so that the stresses do not excite excessive reaction.
A housewife, aged 37, following the death of her father, had for 10 years exhibited depression involving ten suicidal attempts, of which seven occurred in the last 5 years-the last had resulted in a temporary paralysis of her left arm from cerebral anoxia. She stated quite definitely that she intended to kill herself, and that she would do so because she was convinced that she could obtain no help from existing methods of treatment. Following operation she made a satisfactory recovery and became once again a happy married woman, deeply interested in the running of her house and her family, and warm and normal in emotion. A particularly gratifying feature was her emotional reaction to her young son who had been growing up during the 10 years of illness. During that time she had had no feeling towards him, but after operation she developed a normal maternal love. Two years after operation she discovered that she had developed cancer of the breast. She held an objective discussion with the surgeon as to whether she should have an amputation or deep X-ray therapy, choosing deep X-ray therapy in order to avoid mutilation as she had already been The shortest follow-up case (case 100) is 6 months; the longest (case 3) 4 years from December 1961. Certain elderly patients had died from natural causes during the period of review. We have from time to time published statistics based upon the follow-up studies of patients by personal interview and the reports from referring psychiatrists which indicate the potentiality of this method. All the patients treated had previously received full psychiatric treatment for a period of years without benefit.
Endogenous depression is particularly favourably influenced in some 70 % of cases. The recurrence rate in recurrent depression which is generally attributed to the normal course of the disease is strikingly modified by operation so that recurrent admissions to mental hospitals which characterized the pre-operative course were no longer observed (see Fig. 7 ).
Good results were obtained in approximately 50 % of cases of obsessional illness and in 50% of anxiety states. Patients with mixed syndromes combining anxiety, depression and hysterical features, although improved by operation, seldom become free from treatment. Occasional success could be obtained in the treatment of hypochondriacs provided that there was a sufficient intensity of suffering. Operation has little to offer in the treatment of hysteria, and is useless in the treatment of chronic pain or reactive depression to physical disability. The results are influenced by many factors-the basic personality of the individual, the environment to which he must return, the degree of support and opportunity for work, or emotional experience. A woman aged 50 with a happy home and family to return to might be expected to do better than an elderly patient with no home and no relatives who must return to a mental hosipital environment. Certain patients in this category may remain a little sad from natural causes. In these circumstances it is remarkable that so many elderly patients do so well.
This atraumatic operation can be performed in patients of advanced years and poor physical condition, including hypertensive subjects. Numerous successes have been obtained in the oldest age group (Knight, 1966) . In the first fifty cases six patients above the age of 74, the oldest being 86 and 83 years, respectively, suffering from depression and recurrent depression, became completely free from symptoms-relief can therefore be extended to geriatric patients, many of whom suffer severely in Further work is in progress in relation to the relief of drug addiction. A reduction in the drug requirement of patients on high doses of barbiturates and tranquillizers is an immediate feature following operation in cases of psychoneurosis, and this may be employed as a therapeutic measure in the treatment of drug addiction.
Experience in the undercutting series had shown that operation could be employed with success in barbiturate addiction and also in chronic alcoholism where the patients were drinking to escape from a tension situation (Knight, 1964) , or when addiction was the product of depression. We have employed the stereotactic operation in a patient suffering from a chronic anxiety state who combined barbiturate addiction with a high alcoholic intake, and have recently used it in a heroin addict. In Dr StromOlsen's experience in one case of heroin addiction, withdrawal of the drug was successfully accomplished after orbital undercutting, whereas withdrawal had been impossible before operation owing to the intensity of the withdrawal symptoms, which were modified by operation.
Stereotactic operation has been employed in a patient aged 26, a heroin addict suffering from deep depression who from the age of 19 Forty-seven patients and forty-eight relatives consider that the operation has produced considerable improvement, thirteen and twelve respectively, slight improvement.
Contrasting surgical and psychiatric treatment, fifty-seven patients and fifty-nine relatives regarded surgical treatment as more effective, five and six as less effective.
Contrasting operation with drug treatment, forty-seven patients and fifty relatives reported considerably more improvement, twelve and ten, slightly more improvement; and five and six, less relief.
In comparison with ECT, forty-seven patients and forty-six relatives reported considerably more relief; seven and eight, slightly more relief; and four less relief.
In the patients' personal assessment, fifty patients regarded operation as preferable to ECT, forty-six as preferable to drugs. Fifty-one would have preferred to have had their operation sooner, and fifteen would not.
From the patient's point of view surgical treatment may thus be regarded as a useful adjunct to the co-ordinated work of a psychiatric team.
I believe that there is a case for the provision of psychiatric sessions and a small number of special beds at neurosurgical centres in order to provide combined surgical and psychiatric departments working with the aid of the facilities for operation and neuroradiology which already exist at such centres. Patients could be referred for treatment in such units from hospitals in a wide area, thereby producing an accumulation of experience. If these Units were linked to Rehabilitation Units also possessing experience in the treatment of these cases, an opportunity would be provided for a co-ordinated service which could produce results of value. 
